Abstract-In this paper, a frequency reconfigurable antenna for cell-phone applications is presented. The proposed structure is based on a conventional PIFA. In addition, two stubs, each with a varactor diode, are incorporated. In order to achieve the wideband characteristic, the first two resonant frequencies (f 1 and f 2 ) of the proposed antenna are controlled independently by the supplied voltages with the variation of the capacitances. The equivalent circuit of the varactor diode has been extracted in order to accurately predict the performance of the proposed antenna. In addition, parametric studies regarding the capacitance and antenna length have been conducted. The measurement results show that the proposed antenna has a tunable bandwidth defined by a VSWR < 2.5 of 45.7%
important. The planar inverted-F antenna (PIFA) has been developed because of its compactness and easy fabrication [1] [2] [3] [4] . However, since the PIFA bandwidth is narrow, it has a drawback in a size reduction and a need for improving the antenna bandwidth. In order to address these issues, many multi resonances techniques have been developed using U-shaped or L-shaped slots, iterations, and additional strips [5] [6] [7] [8] . In addition, meandered lines and shorting strips have been used to reduce the antenna size [9, 10] . Even so, there is a tradeoff between the antenna size and the operating bandwidth because the physical size has to be increased in order to create the additional resonances.
Reconfigurable antennas are an attractive structure due to their frequency extensibility without adding to the size of the antenna. Generally, reconfigurable antennas use a PIN diode to create multiple paths for the current [11] [12] [13] [14] [15] [16] . As changing the state of the PIN diode, the additional current path was generated or the feeding point was switched. As a result, the bandwidth can be improved. However, this method has disadvantages in that the number of diodes is increased in order to create the additional resonances. For this reason, reconfigurable antennas using varactor diodes have been proposed because the electrical length of the antenna is simply varied by changing the applied bias [17] [18] [19] [20] [21] [22] [23] [24] . In addition, the controllable impedance tuners using the varactor diodes were reported [25, 26] . Therefore, PIFAs utilizing varactor diodes have become an attractive solution in meeting the multiple resonance requirements of mobile applications [22] [23] [24] [25] [26] . However, the reported antennas had the complex structure and three or four diodes [25, 26] . The number of diode especially affects the consumption current and then, the operating time of battery. In the cell-phone engineer, it is very important factor, specially sleep mode. In addition, as increasing the number of diodes, the complexity of the bias circuit increases.
In this paper, a frequency reconfigurable PIFA for cell-phone applications is presented. The proposed PIFA has a dual-band operation. In order to reconfigure resonant frequencies, either the physical length or the capacitance of the antenna needs to be changed. Practically, it is difficult to change the physical size of an antenna. However, the capacitance can easily be changed through the use of varactor diodes. The frequency response of both bands can be tuned over a wide frequency range by changing the bias voltages of the varactor diodes. Furthermore, the resonant frequencies are lowered due to the parallel capacitances [18] . Until now, many reconfigurable antennas for cell-phone applications have been proposed. However, little information on reconfigurable antennas that cover six bands (LTE/CDMA/GSM/DCS/PCS/WCDMA) is currently available in the literature [29] . Moreover, although the proposed antenna can cover even the LTE band, it is quite small at only 615 mm 3 . Table 1 shows the antenna volume, covering the LTE band or not, and diode type comparison with references. As shown in Table 1 , the volume of the proposed antenna is smaller than that of references. In order to verify the tunability of the proposed structure, capacitance values have been altered using a high-frequency structure simulator (HFSS). In addition, the equivalent circuit of varactor diodes was extracted employing an advanced design systems (ADS) circuit simulator. By incorporating these results, a more accurate prediction of the performance of the antenna is possible [30] . In the actual measurement results, f 1 and f 2 cover the LTE/CDMA/GSM bands and the DCS/PCS/WCDMA bands based on a 2.5 : 1 VSWR, respectively.
ANTENNA DESIGN

Configuration and Parametric Studies of a PIFA
The geometry of the proposed antenna is depicted in Fig. 1 . As shown in Fig. 1 , the proposed structure has a radiating strip, shorting pin, and two stubs, each with a varactor diode. The varactor diodes are located on the stubs which have a fixed P 1 and P 2 from the feed and shorting pin connected directly to the ground plane and through a via hole; P 3 is the length of the radiating strip line placed on the top side. l 1 is the length of the stub placed on P 1 from the feed; l 2 is the length of the antenna excluding the ground plane; l 3 is the width of the antenna; s l and s r are the left and right length of space except for an antenna, respectively. w is the width of the microstrip line and g is the gap between the feed and the shorting pin. C 1 is the capacitor of the stub placed at P 1 from the shorting pin; C 2 is the capacitor of the stub placed at P 2 from the feed. g l and g w are the total substrate length and width, respectively; t is the thickness of the substrate. Figure 2 shows the simulated reflection coefficients as a variation of the length of P 1 , P 2 and P 3 whereas the capacitances are fixed at 0.5 pF.
In the simulation, the antenna is designed to operate on a 1.574 mm thick dielectric substrate with permittivity of 2.2, and a total size of 60 mm × 120 mm. The other design parameters are: P 1 = 5.5 mm, P 2 = 20 mm, P 3 = 27 mm, l 1 = 6 mm, l 2 = 11 mm, l 3 = 35.5 mm, s l = 13.5 mm, s r = 11 mm and g = 0.2 mm. In addition, since the varactor diode cannot be applied in the HFSS, the varactor diode is replaced by a lumped capacitor. In Fig. 2 , f 1 is slightly decreased by increasing the length of P 3 ; f 2 is decreased by increasing the length of P 1 . The length of P 2 , however, hardly affects. Further explanations about these characteristics will be illustrated in Fig. 3 and Fig. 4 . Fig. 3 shows the electric field distributions at f 1 and f 2 . The white region denotes the peak E-field, whereas the dark area has almost no E-field. Both plots have been normalized to the same minimum and maximum value. It is found from simulated result that the resonance path at f 1 is from the feed to the radiating strip. When the antenna resonates at f 1 , the electric field is concentrated around the radiating strip. Therefore, the radiating strip can mainly affect the radiation performance at f 1 . Meanwhile, it is found from simulated result that the resonance at f 2 is from the feed to the stub with C 1 . When the electric field is concentrated around the shorter path, P 1 , with C 1 , the proposed antenna resonates at f 2 . These results agree with previous parametric studies. The simulated reflection coefficients, when changing the capacitance from 0.5 pF to 1.1 pF, are shown in Fig. 4 . As presented in Fig. 4 , f 1 and f 2 decrease as the capacitance value of C 1 and C 2 increase. These results show that the variation of the capacitance is more effective than changing the physical size of the antenna, and each resonant frequency can be operated independently by each capacitor. As shown in Fig. 4 , the proposed antenna size can be reduced by high ca- pacitance value. However, as decreasing the antenna size, the average gain is decreased. Therefore, there is a limitation for reducing the antenna size. In addition to these parameters, the gap distance between the feed and shorting pin, g, is an important factor. Although it can't change the resonant response, the input impedance of the antenna is affected by this gap. Fig. 5 shows the simulated real impedance at the input as a variation of the gap distance. As seen in the graph, a wider gap makes increases the real input impedance. This parameter can be used to change the input impedance without varying the resonant frequency.
Analysis of Varactor Diode
As shown in Section 2, a required capacitance range is small (0 pF < C < 2 pF). Although a larger capacitance makes the antenna have a lower resonant frequency and smaller size, it causes a low radiation efficiency in the antenna. Therefore, the SMV 2019 made by Skyworks Corp. was selected. However, in order to apply the varactor diode to the proposed antenna, an analysis of the varactor diode is needed because the actual varactor diode has parasitic elements, i.e., capacitance and inductance. Figure 6 shows the characteristics of the varactor diode. Fig. 6 (a) shows the equivalent circuit of the varactor diode. In this circuit, L p is the series inductance, and C p is the parallel capacitance due to the varactor diode package or leads. R s is the parallel resistance, a function of the applied voltage, and C j is the junction capacitance that is also changed by the applied voltage. Fig. 6(b) shows the typical junction capacitance of the SMV2019. As shown in Fig. 6(b) , the capacitance value changes from 2.25 pF to 0.17 pF as the applied voltage increases. Table 2 presents the extracted circuit elements of the varactor diode using the circuit simulator. Generally, the parasitic inductance of the SMV series is 1.5 nH, however, it is liable to change due to a periphery circuit or mounting condition. This is an important consideration, since R s affects the antenna radiation performance. R s decreases from 5.7 Ω to 2.2 Ω as the applied voltage increases. This means that the radiation loss of the lower resonant frequency is higher than at the higher resonant frequency. Unfortunately, 5.7 Ω is a very high value and may cause a noticeable reduction in the radiation efficiency [27] . 
EXPERIMENTAL RESULTS
The photograph of the fabricated reconfigurable PIFA is shown in Fig. 7 . The proposed antenna is designed on a 1.574 mm thick TLY-5 substrate with a dielectric constant of 2.2 and an overall ground size of 60 mm × 120 mm (g w × g l ). The distance P 1 between the shorting pin and capacitor C 1 is 5.5 mm and the distance P 2 between the feed and capacitor C 2 is 20.5 mm. The gap distance g between the shorting pin and the feed is 0.2 mm, the width of the strip line is 1.2 mm. The length of the stub connected to the ground plane, l 2 , is 11 mm, and the other stub, l 1 , is 6 mm. The length of the radiating strip line, P 3 , is 27 mm and the width of the antenna, l 3 , is 35 mm. The lengths of space except for antenna, s l and s r is 14 mm and 11 mm, respectively. The 82 pF lumped capacitor, used to prevent the current from the DC bias, is located between the shorting pin and ground plane, though this was not explained in the previous section. In order to measure the antenna performance, the bias-T of Picosecond Pulse Labs 5885 series was used. Using the bias-T, the VSWR and radiation patterns were measured without the bias circuit. Although this bias-T method can not control the individually applied voltages for the varactor diodes C 1 and C 2 , it is helpful in verifying the correct antenna performance. The measurement set up configuration is shown in Fig. 8 . It shows the configuration used to measure the VSWR, however, it is also applied to measure the radiation patterns. Using this measurement set up, the VSWR of the proposed antenna as a variation of the applied voltage was measured. Figure 9 presents the VSWR measurement and simulation results. In the graph, V 1 and V 2 denote the supplied voltages to C 1 and C 2 , respectively. As mentioned previously, the capacitances of two varactor diodes are same, because the bias-T supplies the same voltage to each varactor diode, simultaneously. As shown in Fig. 9 , the applied minimum voltage is 3 V because the varactor diodes have higher R s at a lower voltage. Therefore, in order to reduce the radiation loss due to R s , the minimum voltage is set to not 0 V but 3 V. By doing this, R s is reduced by 1 Ω. The resonant frequency of the proposed antenna is increased by increasing the applied voltage because the capacitance of the varactor diode decreases. In the simulation results, since the parallel elements of the varactor diode are difficult to apply to the HFSS due to insufficient simulation results, the ADS is used in combination with the HFSS in order to obtain accurate simulation results [30] . The characteristics of the proposed structure without the varactor diode are extracted by the HFSS, and then the extracted data of HFSS are combined with the equivalent circuit of the varactor diode by ADS. This method reduces the simulation time because the fullwave simulation used to extract the physical layer data is conducted only once. In the ADS, C j and R s are represented as applied voltages. In this graph, although the resonant frequencies when the lower value voltages are applied are slightly different from the measurement results, the higher resonant frequencies are nearly the same as the measurement results, and the frequency shift is clearly shown. According to the measurement results of the VSWR 2.5 : 1 specification, when the voltage is changed from 3 V to 20 V, the two resonant frequencies of the proposed antenna changed from 606 MHz to 965 MHz and from 1343 MHz to 2181 MHz, respectively. In addition, each fractional bandwidth (FBW) of the resonances at the lower and upper band is varied from 3.9% to 4.6% and from 2.1% to 3.21%, respectively. Therefore, the proposed antenna is able to cover the LTE, CDMA, GSM, DCS, PCS and WCDMA bands. The measured average gain and radiation efficiency are shown in Fig. 10 . As shown in these results, the average gain and radiation efficiency of the lower band are higher than that found for the upper band. The length of P 1 , which determines the higher resonant frequency, is only 0.12λ g at 1700 MHz, excluding the feeding line, however, the length from the feed to P 3 , which determines the lower resonant frequency, is 0.2λ g at 700 MHz, excluding the feeding line, and the radiating strip contributes to the radiation performance of f 1 . As a result, the average gain and radiation efficiency at 1710 MHz are −6.4 dBi and 23%, respectively. In addition, since the lower voltage of the varactor diode has high R s , the radiation performances around 700 MHz and 1700 MHz are not very good. However, as the frequency increased, the radiation performances increased to −2.7 dBi and 53%; the highest average gain is −1.5 dBi at 910 MHz with a radiation efficiency of 70%. The measured radiation patterns at the operating frequencies are shown in Fig. 11 . The radiation patterns at 700 MHz and 880 MHz show an omni-directional pattern. In addition, since the radiation of the lower band is generated around the radiating strip line and C 2 , the radiation patterns in the xy-plane are tilted. However, when the resonance of the antenna is generated at the higher frequencies, there are some nulls and dips that rapidly varied. Since the operating wavelengths become a short compared to the ground plane, surface current nulls are excited on the ground plane as a part of the radiator [28] . Therefore, the radiation patterns in the xy-plane are titled towards the ground plane, however, they kept a similar pattern shape as the resonant frequency varied. Although slight differences between the measurement and simulation results are shown due to the position in the chamber, they are agreed closely.
CONCLUSION
In this paper, a frequency reconfigurable PIFA for cell-phone applications is presented. The proposed antenna has a dual-band based on two resonant paths. By using two varactor diodes, the frequency tunable response of both bands is achieved. The equivalent circuit of the varactor diode was extracted by a circuit simulator and applied to predict the frequency response. The realized antenna was measured and analyzed under a bias-T condition. Although the antenna is designed to change both bands simultaneously, the required bands are individually obtained according to need. Since the proposed antenna is compact and has the wide frequency tunability, it can be used in mobile communication systems covering LTE, CDMA, GSM, DCS, PCS and WCDMA.
